Transmitted vibration from vehicles to driver body generates some problems in the long term. Passive and active seat suspensions are used in heavy duty vehicles to reduce unwanted vibration and prevent health problems due to oscillation. Seat suspension must minimize the driver's body displacement and acceleration to increase riding convenience. Active force control (AFC) method is a new technique which is used in active controllers and makes them more accurate. Therefore, this work represents the possibility of applying AFC strategy for an active seat suspension control to increase its robustness. An AFC-based scheme is designed and simulated in MATLAB software. In addition, artificial neural network (ANN) is integrated into the AFC loop to approximate estimated mass of the seat and human body for the proposed controller. The training of ANN with multi-layer feedforward structure is carried out using Levenberg-Marquardt learning algorithm. To evaluate the neuro-AFC control system robustness, the seat is subjected to various types of disturbances. The results of the present study illustrate that the neuro-AFC technique is computationally simple and efficient compared to the classic proportional-integral-derivative (PID) controller in suppressing undesired vibration of heavy duty vehicles' seat. The neuro-AFC scheme is found to demonstrate superior performance for various road profiles compared to pure PID controller, and it can be successfully utilized in heavy duty vehicles such as industrial and agricultural tractors.
METHODOLOGY
Firstly, dynamic modelling of semi active seat suspension will be demonstrated in this section. Next, PID controller design is explained. Further, the implementation of seat suspension PID controller with AFC technique will be discussed. Finally, the use of ANN in estimation of mass for AFC strategy and the associated results are stated.
Active seat suspension dynamic model
Heavy duty vehicles such as tractors work without primary suspension, and tires play spring-dashpot role because of deflection of tire and air property in energy reduction. Thus, usually seat suspensions are equipped to external force to control transmitted vibration from ground unevenness. In a semi active seat suspension model represented in Fig. 1 , excitation acceleration comes from the vehicle's body, and sprung mass is seat and driver weight together. In this modelling, a two degreesof-freedom (DOF) lumped model, which was presented by Allen [30] is coupled to seat suspension to simulate the driver's head and body behaviours during fluctuations. Therefore, this system is three DOF, and an actuator is employed to control the vertical position of the seat. In Table 1 , mechanical properties of the lumped model are listed.
The road unevenness provides disturbance to the system which appears in the tractor body. The physical equations of motion of seat pan in vertical direction via Newton's second law are as follows:
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(1-b) (1-c) where, Z 1 is floor displacement such as seat base motion, which comes from road unevenness and Z 2 is seat pan displacement. Spring and damper coefficients are represented by k 1 and c 1 , respectively and (Z 2 − Z 1 ) is the deflection of seat suspension. Fig. 2 shows a schematic block diagram of one DOF seat suspension. Noted that only the vertical displacements of the system are considered in this study, and it is assumed that the tire is continually in contact with road surface. 2  1  1  2  1  2  3  2  2  3  2  2 2      4  3  3  4  3  2  3  2  2  3  2  3 3 The coulomb friction is assumed as part of internal friction of spring. Also, all elements are considered linear. The major objective is to acquire controller parameters for the active seat suspension that can minimize head displacement of driver and its acceleration. The design, fabrication and production of suspension systems, is a hard task for engineers. This is because of conflicting criteria that are to be considered in the design step [31] . In the automotive industry, it is favoured to suppress vibration of the cap floor transferred to the operator's seat. On the one hand, dynamical forces transmitted from the cap floor to the seat should be zero to protect the driver's health. The seat effective amplitude transmissibility (SEAT) factor affords numerical valuation of the seat efficiency in blocking the vibration [32] .
In Fig. 3 , this objective is demonstrated with a schematic view. In mathematical terms, the objective function called Q is given as
PID controller design
The proportional-integral-derivative (PID) controller is simple and popular to use in control systems. The identified fact about PID controller is its performance which is normally excellent for a system with slight disturbances and working at low speed. The implementation of control loop with the AFC method provides more robustness and accuracy characteristics with its disturbance reduction ability [33] . The transfer function of a PID controller is given as:
where, K p , K d and K i are the proportional, derivative, and integral parameters, respectively. Therefore, the outer loop controller is designed via conventional PID controller in this work, and the heuristic method is employed to tune PID parameters to send appropriate signal to proportional electrical linear motor. The PID gains after fine tuning were obtained as Kp = 6, Kd = 0.2, and Ki = 1.
Active force control
Active force control theory was initially introduced by Hewit and Burdess [18] to increase stability and robustness of a robot control system in the presence of unknown or known disturbances. The underlying concept of AFC method is illustrated in Fig. 4 . In this technique, suitable estimation of mass or inertia, measured force and acceleration provide essential torque or force to reduce disturbances. Actually, this method increases the stability of system response [34] . Based on Newton's second law, the AFC equation can be expressed as: (4) where, F, m, and a are the sum of all forces acting on the sprung mass, mass and acceleration of the sprung mass, respectively. So, the estimated disturbance forces, F , can be written as: where, the superscript ( ′ ) indicates the measured or the estimated values of the parameters. Hence, actuating force can be measured simply by force transducers, and accelerometer can provide the value of a′. The estimated mass may be given by assuming a perfect model, crude approximation [25, 34, 35] , or intelligent method [29] . In other words, if all parameters have been obtained successfully, the resulting estimated force from equation (5) would result in a stable and robust performance of the proposed control system [28] . Since the estimated mass in the AFC loop is one of the important gains, which must be appropriately estimated, recently a number of intelligent methods have been utilized to acquire this parameter such as hybrid intelligent [36] , iterative learning [24, 37, 38] , fuzzy logic [21, 39, 40] , ANN [19, 26, 27, 41] . The idea of applying intelligent approach to approximate estimated mass was initially coined by Mailah, and the goal is to increase the efficiency of AFC scheme [29] . As this technique seems simple, it is suitable for on-line computation.
According to Fig. 4 , the estimated force is delivered to a function H(s). An appropriate choice of H(s) that is the inverse of G(s) (actuator transfer function) can lead to the output (Z 4 ) to be made invariant with respect to the disturbances Q′. The implemented system by the AFC can send request of force automatically and deliver it to actuation part with high degree of accuracy.
Implementation of artificial neural network
Investigations on the theory of ANN began in the late 1980's [42] [43] [44] . The ANN approach is one of the intelligent methods that can be used in control system due to non-linear function learning, approximation, and adaptation capability. The general equation describing the output/input relationship of a neuron is given as (6) where, f( ), w, and b are nonlinear function, weight, and bias, respectively. Usually the nonlinear function is a sigmoid function namely (7) A commonly used training algorithm is the back-error propagation algorithm that the network learns through example and is subjected to a pair of training patterns including a set of input patterns and the corresponding set of target output patterns. The ANN is a suitable strategy to compute the estimated mass of the plant. In the current investigation, various ANN architectures were tested, and the feed-forward back propagation neural network (NN) structure with a single hidden layer with ten neurons (according to 1-10-1 configuration) showed best performance. The error of system was considered as an input while the output was the estimated mass. The Levenberg-Marquardt algorithm was applied as it is a more efficient algorithm for training the feed-forward NN [45] . The mean squared error (MSE) was used for error reduction and weight adjustment. A suitable number of hidden layers and neurons of the NN was achieved by trial and error scheme. The ANN was primarily trained off-line by examples provided by crude method. The range of estimated mass was considered from 45 to 60 kg. A program was written in MATLAB via the Neural Network Toolbox for applying the initial off-line training of the network. A view of the NN structure is illustrated in Fig. 5. Fig. 6 represents the AFC scheme which was implemented with ANN to determine the estimated mass. This is referred to neuro-AFC scheme. In this method, the ANN accomplishment is based on a non-adaptive approach; that is, the weights and biases of the ANN are fixed by the trained network, and they are not updated online while the system is running.
Simulation of proposed neuro-AFC scheme
The MATLAB Simulink and Neural Network Toolboxes were used to simulate the control system. Table 2 . An electrical linear motor was selected as the actuator in which the motor force constant (K fn ) was acquired from the actual data sheet of the electrical linear motor. The transfer function of linear motor was considered as G a (s)=K fn s. The transfer function H(s) will be H(s) = (1/K fn )s. In order to study robustness of the control scheme in the presence of disturbances (road profiles), several functions described below were considered in the simulation [19] :
• Sinusoidal wave of amplitude, am =1.2 cm and frequency, f = 0.8 Hz •
Step function, height =10 cm • Random band limited white noise function, The passive seat suspension parameters were set in previous research findings, and optimized by ANN method as described in [47] [48] [49] . Fig. 7 shows the block diagram of neuro-AFC scheme for active seat suspension. The simulation results and observations will be discussed in the next section. 
RESULTS AND DISCUSSION
In Fig. 8(a) , the time response related to the driver head displacement by applying neuro-AFC and PID controller schemes are compared together with sinusoidal function as input. Figure 8 . Head displacement response to sinusoidal input (a), Head acceleration of driver subjected to sinusoidal input (b) vibration at head displacement. As can be observed in Fig. 8(b) , the neuro-AFC scheme has resulted in a significant improvement in head acceleration reduction compared to the traditional PID controller. In addition, for more comparison, the response of seat suspension without controller is illustrated in Fig. 9 . The driver head displacement is drastically higher than the two other schemes. Normally, it is considered an augmentation in efficiency of the system which is related to vehicle riding convenience if all the curves illustrate attenuation in the amplitudes.
Vol. In real road conditions, random vibration occurs due to road roughness, and efficiency of seat suspension must be evaluated by this type of input. This issue was evaluated by band limited white noise disturbances as road profile. By comparing the results of system response to white noise random input which is presented in Fig. 10(a) , it is noted that the performance of active seat suspension employing the neuro-AFC scheme is significantly superior compared to the PID controller in terms of head displacement. Moreover, as can be observed in Fig.  10(b) , it is clear that the head acceleration with neuro-AFC was lower than that with PID controller. Indeed, the results are very similar to sine function. It means that differences of the input displacement and the seat movement for the PID control are more than the AFC method. Also, the seat pan displacement are shown and compared together in Fig. 11 . As can been seen, neuro-AFC showed smooth response even though the response with PID was low but it had large variation.
The response of seat suspension in passive state (without controller) is shown in Fig. 12 . It is clearly noted that the displacement of seat pan, human head and body were increased.
The neuro-AFC method is thus found to be robust and accurate in the wake of disturbances and uncertainties. It is noticeable that the responses of the PID control are not very stable and robust. In other words, the PID is not able to cope with the disturbances in a good way. The most considerable improvement in performance is observed when the seat suspension system passes over the random wave. The results also confirmed that intelligent method utilized in the study can effectively compute the estimated mass continuously and automatically, implying that the process of estimated mass tuning becomes easier and more systematic. The trends for all the responses of a variety of control schemes with disturbances were similar, hence specifying the robustness and superiority of the AFC-based scheme. It can also be seen that all active control schemes exemplified much better performance (in terms of attenuating the vibration) compared to the uncontrolled system. 
CONCLUSION
A novel control method using neuro active force control named neuro-AFC has been designed and employed for real-time control of an active seat suspension of heavy duty off-road vehicles. The AFC-based technique has been found to be computationally simple, effective, and accurate in the wake of various disturbances. Additionally, the results of simulation demonstrated that for given parameters, the identified neuro-AFC scheme improves the performance of control system compared to the uncontrolled and PID controller counterpart. The results also show that the neuro-AFC scheme as a robust intelligent control technique attenuate the undesired vibration efficiently in the driver body. In other words, the neuro-AFC is capable to minimize the driver head displacement and acceleration well. However, additional research should be performed to investigate the effect of other disturbance forms, uncertainties and parametric changes. Consequently, this novel adaptive control strategy can assist suspension designers to develop high performance vibration suppression systems and contribute to health of drivers. Figure 12 . Seat displacement exposed to random signal without controller.
